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INTRODUCTION

OBJECTIVE AND SCOPE
This investigation was conducted to define and describe certain water-quality characteristics of the Mahoning River in Ohio for use by that State in establishing water-quality criteria. Compilation of the basic data in tabular and graphic form is presented for use in the appraisal and evaluation of water facts for establishment of feasible and equitable water-quality standards. The study was based on the 3-year period, 1963-65 calendar years.
Correlations were made to determine the relation between certain chemical-and physical-quality parameters with streamflow and causal factors which affect the water quality of the Mahoning River. The effects of industrial use on the water quality of the Mahoning River are shown by the comparison of some important chemical and physical parameters that existed during various rates of steel production with those observed during two periods of steel-mill shutdown. Waterquality and streamflow data for the 1963-65 calendar years were compiled for six sampling sites at Pricetown, Leavittsburg, Niles, Youngstown, Struthers, and Lowellville. Descriptions of the sites are: It is recognized that water-quality criteria for the Mahoning Eiver will include parameters other than those described in this report. Sufficient data for the 1963-65 period were not available in this study to include such parameters as heavy metals and organic materials.
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DESCRIPTION OF AREA
The main stem of the Mahoning River flows through a densely populated and heavily industrialized region of northeastern Ohio before flowing into Pennsylvania about 1 mile downstream from Lowellville. (See pi. 1.) At Pricetown the Mahoning River has a drainage area of 273 square miles. Between Pricetown and the Ohio-Pennsylvania State line, a distance of approximately 50 miles, the river drains an additional 802 square miles, or about 75 percent of the basin within Ohio. Approximately 55 square miles of the drainage basin lies in Pennsylvania. The average stream gradient is 2.2 feet per mile from Pricetown to Leavittsburg and 2.6 feet per mile from Leavittsburg to Lowellville.
Four multipurpose reservoirs in the basin, with 256,810 acre-feet of storage, provide for flood control, low-flow augmentation, public water supply, and recreation. In December 1966, since the 1963-65 study period, West Branch Reservoir began operation. This reservoir will provide an additional 42,700 acre-feet of storage in the winter and 52,900 acre-feet in the summer and will furnish an additional 50 cfs (cubic feet per second) minimum average annual flow.
Downstream from Leavittsburg there is a series of low dams which pond water for industrial intakes. Earthfills for railroads and mills in this reach constrict the natural stream channel.
CONTRIBUTIONS TO THE HYDROLOGY OF THE UNITED STATES
The Mahoning Kiver from Leavittsburg through Warren and Youngstown to Lowellville, a distance of approximately 25 miles, is the principal source of water for most industries in the area. The development of the lower Mahoning River basin into a thriving industrial complex can be attributed to the availability and utility of the water from the Mahoning River. The water is utilized primarily for nonconsumptive purposes, mainly for industrial cooling.
Between Leavittsburg and Lowellville the disposal of domestic and industrial waste waters has burdened the river's natural purification processes. Adverse water-quality conditions are more prevalent in the warmer months when stream temperatures are naturally high and streamflow is low. During these periods streamflow is augmented for the control of water temperature.
STREAMFLOW
Streamflow is probably the most important consideration in evaluating water-quality characteristics of a stream. When streamflow is low, many interrelated conditions may result which can adversely affect the water quality of a stream. A stream must be capable of diluting, mixing and assimilating waste materials. If it cannot, the stream is liable to become a public nuisance and a potential health hazard.
The flow of the Mahoning River during the 1963-65 calendar years was generally lower than during selected 21-or 22-year reference periods, as shown in table 1. For 10 percent of the time during the reference period, the flow equaled or exceeded 2,300 cfs at Lowellville, compared with only 1,780 cfs during the study period (table 1) . At the 90-percent duration, the low-flow or base-flow condition, the differences were proportionally smaller about 300 cfs for the reference period compared with about 285 cfs for the 3-year period. Flow-duration curves based on the data from table 1 reverse their relative positions at the lower end, a change indicating that extremely low flows did not occur during the 3-year study period. During 1963-65 a minimum daily flow of at least 228 cfs was maintained, compared with the minimum daily flow of 136 cfs during the reference period. Mean flows for several time periods and the average low flows of 7-day and 30-day durations for a 5-year frequency are given for the Mahoning River at Pricetown, Leavittsburg, Youngstown, and Lowellville in table 2.
In general, streamflow during the period 1963-65 was lower than during the long-term period, except during low-flow periods. Because water quality generally improves with increased streamflow (as will be shown later), water-quality conditions during 1963-65 may have been less favorable than those which prevailed during the long-term reference period. During the base-flow periods the chemical analyses are more representative of flow conditions equal to or somewhat better than in previous years when extremely low flows occurred. Improvement in water quality in future years should result from the additional flow augmentation provided by West Branch Reservoir. 1 The discharge, which was averaged over the indicated number of days, was less than that shown on the average of once every 5 years.
WATER QUALITY
WATER TEMPERATURE
Water temperatures of the Mahoning River at Pricetown and Leavittsburg are controlled largely by air temperature. Approximately 95 percent of all water withdrawn from the Mahoning River is used for industrial cooling downstream from Leavittsburg in the WarrenYoungstown area, and nearly all of it is returned to the river with a thermal load (Cross and others, 1952, p. 32) . Warmed water that is returned to the river by one plant must also serve other industries further downstream; consequently, the temperature of the river con- tinues to rise as the water is reused for industrial cooling. The increase in water temperature in the downstream direction is shown on plate 1. Upstream from Warren the water temperature was 79°F or less, whereas downstream from Youngstown it was 94°F or less for 90 percent of the time.
The maximum water temperature at Pricetown and Leavittsburg was 78°F during 1963-65. At Struthers and Lowellville, water temperatures as high as 108°F and 104°F, respectively, occurred during 1963-65. The water temperature duration data for these stations and for Niles and Youngstown are shown in table 3.
The low-flow conditions of the Mahoning River that existed during the 1963-65 period resulted in slightly higher river temperatures at Leavittsburg than during the reference period 1950-65. However, at Lowellville, the river temperatures during 1963-65 did not increase over the temperatures during the reference period ( fig. 1 ). In fact, about 75 percent of the time the temperatures were lower during 1963-65 than during the 16-year period. These lower temperatures were the result of modifications in industrial processes, which now require less cooling water. There has also been a decrease in coke production, which in the past required large quantities of cooling water. Although the thermal loading of the river was noticeably decreased, water temperatures remained significantly higher at Lowellville than at Leavittsburg, as shown in figure 1.
The relation of water temperature to streamflow at Leavittsburg and at Lowellville is shown in figures 2 and 3. These flow durations and water-temperature durations show the percentage of days that water temperatures occurred at various streamflows. The water temperatures at Leavittsburg may be used to represent those under natural conditions. The effects of thermal loading can be seen by the increases in water temperatures from Leavittsburg to Lowellville. For example, at 90-percent flow duration, 157 cfs at Leavittsburg (table 1), the water temperature was 70°F or less for 70 percent of the time and 50°F or less for 37 percent of the time ( fig. 2 ). The 90-percent flow duration at Lowellville was 300 cfs (table 1). At this discharge the water temperature was 90°F or less for 67 percent of the time, 70°F or less for 34 percent of the time, and 50°F or less for 12 percent of the time, as shown in figure 3 . Curves similar to those in figures 2 and 3, but for the period 1950-58, are shown by Hubble and Collier (1960, p. 38-39) . figure 4 . The continuous thermographs show that the highest water temperatures of the river generally occurred during May through October at both sites. This is to be expected because these months of higher air temperatures are also the months of lower streamnow. However, the periods in which cooler water temperatures occur are not the same at each site. At Leavittsburg the water temperatures approach the freezing point during December through February when air temperatures are the lowest, while at Lowellville the lowest water temperatures occur in March and April. This lag in temperature decrease at Lowellville shows that lower air temperatures during winter months do not overcome the thermal loading of the river. Below Leavittsburg the lowest water temperatures occur during periods of high runoff when air temperatures are still comparatively low. As a result of thermal loading, the river downstream from Leavittsburg seldom freezes.
Maximum observed water temperatures and steel-production indices for the months when maximum water temperatures were observed at Lowellville are shown graphically in figure 5. Production indices are based on data published by the American Iron and Steel Institute. A production index is expressed as a percentage. An index of 100 is based on the average net tons produced per 7-day week during 1957-59. In general, the correlation between maximum water temperatures and steel-production indices is good over the 16-year period shown. It is also noted from figures 4 and 5 that the maximum monthly temperatures observed since 1955 have shown a decline.
The increase in water temperatures of the Mahoning Eiver from Leavittsburg to Lowellville exhibit a definite correlation with industrial use. Increases in mean monthly water temperatures with streamflow are shown to correspond to increases in steel production ( fig. 6 ). When the steel-production index was 50 and streamflow was 300 cfs, the increase in water temperature from Leavittsburg to Lowellville was 16°F. At a production index of 175 and discharge of 300 cfs, the increase in water temperature was 42°F. At higher water discharges the temperature increase was less. 
PERCENTAGE OF DAYS DISCHARGE WAS EQUAL TO OR GREATER THAN INDICATED AND WATER TEMPERATURES WERE EQUAL TO OR LOWER THAN INDICATED
FIGURE 2. Flow duration-water-temperature duration, Mahoning River at Leavittsburg, 1950-65 water years. Higher water temperature is not only a problem for the industrial user because of increased quantities of water needed for cooling purposes, but it also has a marked influence on water quality. Higher water temperature reduces the quantity of oxygen that can be dissolved in water and therefore reduces the capacity of the stream to assimilate wastes and to support aquatic life.
ANALYSIS OF WATER QUALITY, MAHONING RIVER, OHIO Cll
DISSOLVED OXYGEN
Dissolved oxygen is one of the critical water-quality problems of the lower Mahoning River. At Pricetown and Leavittsburg the dissolvedoxygen concentration was generally sufficient for most uses, as shown by the concentration durations in table 3. Downstream from Warren to Lowellville, the discharge of oxygen-consuming materials such as organic matter and ferrous iron, along with thermal loading, reduced the river's capacity to maintain a natural dissolved-oxygen level. Between Warren and Niles and between Youngstown and Lowellville, the dissolved-oxygen concentration was only 1-3 ppm (parts per mil- 
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Maximum wa temperatur FIGURE 6. Correlation of discharge, water-temperature increases, and steel production, Mahoning River from Leavittsburg to Lowellville.
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lion) for 10 percent of the time, as shown on the map on plate 1. Inflow from Meander and Mosquito Creeks at Niles caused some recovery in dissolved-oxygen levels of the river; the concentration was between 3 and 5 ppm for 10 percent of the time. The duration table of percentage of saturation (table 4) shows a similar condition. Relatively high percentage of saturation was maintained at Pricetown and Leavittsburg, whereas much lower levels of percentage of saturation occurred at the downstream sites.
There were seasonal variations in percentage of saturation of dissolved oxygen. At Pricetown and Leavittsburg a slightly higher level of percentage of saturation existed in the warm months, May through October (table 4, fig. 7 ). At Pricetown the percentage of saturation was generally 4 or 5 percent higher during the warm months than during the winter. Ice cover during the winter tended to reduce diffusion of oxygen in the water of Lake Milton above Pricetown and in the upper reach of the main stem of the Mahoning River. From Niles to Lowellville, however, the situation was reversed. Dilution of water by the higher streamflow, together with lower temperatures during the winter and spring in the lower reach, probably caused by the increased level of percentage of saturation.
SPECIFIC CONDUCTANCE DISSOLVED-SOLIDS CONCENTRATION
Specific conductance is a measure of the dissolved-solids concentration in water. A duration table and extremes of specific conductance that occurred during the 1963-65 calendar years are shown in table 3 and figure 8 respectively. The specific conductances were very similar at Pricetown and Leavittsburg, at Niles and Youngstown, and at Struthers and Lowellville. This similarity indicates that significant loading of soluble waste materials occurred below Leavittsburg and Youngstown.
On the basis of measurements of specific conductance, converted to dissolved solids by multiplying by the factor 0.65, the dissolved-solids concentration of the Mahoning Kiver increased downstream from Pricetown to Lowellville. During the 1963-65 calendar years the dissolved solids were less than 500 ppm all of the time in the Mahoning Kiver upstream from Niles, 90 percent of the time at Niles and Youngstown, and 75 percent of the time at Struthers and Lowellville. Kelatively large differences occurred at each site with changes in rates of streamflow. The dissolved-solids concentration ranged from about 150 to 450 ppm at Leavittsburg and from about 200 to 650 ppm at Lowellville.
During steel-mill shutdowns the chemical composition of the river at Lowellville assumed the general chemical character of the river at Leavittsburg. The change in the specific conductance and dissolvedsolids concentration of the Avater at Lowellville during a steel-mill shutdown lasting from July 14 to November 7,1959, is shown in figure  9 . Prior to the shutdown the specific conductance averaged approximately 550 micromhos .with a dissolved-solids concentration of about 360 ppm. During the shutdown the specific conductance decreased and averaged about 430 micromhos with a dissolved-solids concentration C16 CONTRIBUTIONS TO THE HYDROLOGY OF THE UNITED STATES of 280 ppm. During the shutdown the chemical composition of the river at Lowellville was essentially the same as the chemical composition of the water at Pricetown and Leavittsburg. When steel production was resumed, the specific conductance and dissolved-solids concentration of the Mahoning Eiver averaged about the same as before the shutdown. A significant change in the chemical characteristics of the river during this shutdown was the increase in percentage of bicarbonate (HCO3 ) and the decrease in percentage of sulfate (SO4), as shown in figure 10 . Although the percentage of sulfate decreased during the shutdown, it was still the major constituent. This fact suggests that a large proportion of the sulfate in the Mahoning Eiver at Lowellville was derived from sources other than steel-mill effluents. The most probable source of sulfate is from the chemical weathering and oxidation of iron sulfide minerals in the coal-mining regions of the basin. No other sulf ate-bearing minerals, such as gypsum (CaSO4), are major constituents of the rocks and soils in the area. Figure 10 also shows that the percentage of chloride (Cl) in the dissolved solids remained about the same during steel production as during steel-mill shutdown. 
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The alkaline-acid balance maintained by a stream is an important consideration for practically all users of water. In a chemical sense water having pH of 7.0 is neutral and is neither acid nor alkaline. In water-quality interpretations water having a pH of above 4.5 will be alkaline. Alkalinity decreases as pH decreases. When the pH of water approaches 4.5, the alkalinity content is depleted. A water that has a pH below 5.0 is considered by many authorities as unfit for many uses and harmful to aquatic life. The duration of pH of the Mahoning Kiver is shown in table 3.
On occasion, the water of portions of the lower Mahoning Kiver became significantly acidic primarily owing to acid wastes from steelpickling processes and, to some extent, acid mine drainage. Increases in acid wastes emptying into the river between Niles and Lowellville caused the pH of the water of the river to fall below 5.0. The water of the Mahoning River at Mles and Youngstown had a pH of 5.0 or less for about 5 percent of the time. The pH of the river at Lowellville, and probably Struthers, at times also fell below 5.0. However, this probably occurred less than 1 percent of the time.
At Pricetown and Leavittsburg the pH of the river was near 7.0 or above for 10 percent of the time, as shown on plate 1. The decrease in the pH and the increase in acidity in the river from Warren to Lowellville are apparent in this figure. This condition is the result of acid wastes being discharged by the many industries along this stretch of the river.
The pH of the water of the river is lowest and the acidity is highest when there are insufficient quantities of alkalinity to neutralize the acid wastes. Sulfuric acid is a principal cause of acidity in both steelpickling wastes and acid mine drainage. The end product of the neutralization of sulfuric acid by alkalinity is generally calcium sulfate (CaSO4).
CHLORIDE
The chloride concentration of the Mahoning River was generally low. During 1963-65 the mean chloride content ranged from 24 ppm at Pricetown to 56 ppm at Lowellville (table 3) . A maximum chloride concentration of 141 ppm was observed at Lowellville during 1963-65. The chloride concentrations and loads generally increased through the urban and industrial areas between Leavittsburg and Lowellville; however, they were generally at an acceptable level for practically all uses.
The relation of chloride concentrations with discharge at the sampling sites is shown in figure 11 . Decreases in chloride concentrations The chloride concentration of the Mahoning River has increased significantly since the late 1800's as a result of increased municipal-and industrial-waste disposal. Based on chemical analysis of five water samples collected monthly from July through November 1897, Foulk (1925, p. 174) reported an average chloride content of 12.6 ppm at Niles and 7.5 ppm at Youngstown. During the 1963-65 period the average chloride concentrations were 38 ppm at Niles and 40 ppm at Youngstown. The chloride concentrations ranged from 2.1 to 42.5 ppm at Niles and from 0.3 to 15.2 ppm at Youngstown in 1897. During 1963-65 the ranges in chloride concentrations were 10-68 ppm at Niles and 11-79 ppm at Youngstown.
Although chloride is not now a problem constituent in the water of the Mahoning River, in future years more steel mills may convert from sulfuric acid pickling to hydrochloric acid pickling. Without proper controls, there could then be a serious increase in chloride concentration in the river.
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SULFATE
Several relations were developed to define changes in the sulfate concentration and load in the lower reach of the Mahoning Eiver. The sulfate-concentration durations in table 3 show that significant changes occurred between the upstream and downstream stations. The durations for Pricetown and Leavittsburg were nearly the same equal to or less than 100 ppm and 98 ppm, respectively, for 50 percent of the time. From Youngstown to Lowellville the sulfate concentration at 50 percent duration was about twice as high and ranged from 190 to 230 ppm.
The relations between water discharge and sulfate concentration were defined for each station. The average sulfate concentration for each of five flow rates representing 10-, 50-, 80-, 90-, and 95-percent flow duration was plotted in downstream order ( fig. 13 ). The flow, in cubic feet per second, represented by these percentages is shown on each curve. The reasons for changes in the sulfate concentrations from station to station are now apparent.
The sulfate concentration decreased from Pricetown to Leavittsburg. Upstream from Pricetown acid mine drainage contributed appreciable quantities of sulfate to the Mahoning Eiver, so that during low flow (upper two curves) the river had about 200-250 ppm sulfate at Pricetown. These concentrations were diluted by water from West Branch Mahoning Eiver and from Eagle Creek, which enter the Mahoning Eiver upstream from Leavittsburg. At Leavittsburg the sulfate concentration at the 90-and 95-percent flow durations was 150 ppm or slightly less.
From Leavittsburg to Niles, through the Warren area, the sulfate concentration increased to more than 300 ppm during low flow. No major tributary enters the Mahoning Eiver between these cities, so there is little increase in water discharge. The increase in sulfate concentration was the result of the sulfate contributed by industrial-and municipal-waste water discharged to the river.
Downstream from the Niles sampling station, inflow from Meander and Mosquito Creeks again reduced the sulfate concentration of the Mahoning, except at extremely low flows (95-percent flow duration). From Youngstown to Struthers and Lowellville, the concentration again increased as more industrial and municipal waste was received. At the higher water discharges, 50-and 10-percent durations, a similar trend is evident but it is of a smaller magnitude.
Each tributary and each major water-use area had an effect on the sulfate concentration of the river. However, further analysis is needed to determine the magnitude of the sulfate load and the variations in load from station to station. The curves for sulfate load are The curves show that as the production index increased, the sulfate concentration at Lowellville increased. However, at higher streamflows, the curves tend to converge. At flows of more than about 2,000 cfs, the concentrations tend to level off at about 100 ppm regardless of the production index. Notice, also, that even during periods of steel-mill shutdown, shown by the left-hand curve, the sulfate concentration ranged from 100 to 120 ppm, which is one-third to one-half the sulfate concentration at the 175 production index.
Similar correlations using sulfate load are shown in figure 18 . Curves for production indices of 50,100, and 175 and for steel-mill shutdown are shown as in the previous figure. There was a noticeable increase in sulfate load as steel production increased, particularly at lower flows. However, the load contributed from other sources accounted for more than half the load at Lowellville when the production index was 100 or less. At a mean monthly flow of 600 cfs, for example, the daily sulfate load was about 165 tons at Lowellville when the mills were shut down, about 220 tons when production was at an index of 50, and 360 tons when at an index of 175. During months of high water discharge, the portion of the sulfate load contributed by natural sources and by acid mine drainage was greater, and the contribution by the steel industry was proportionately less than during low-flow months.
A plot of cumulative sulfate load versus cumulative water discharge ( fig. 19) indicates that there has been no significant change in this
